BACKGROUND AND PURPOSE: Serial in vivo imaging of atherosclerosis is important for understanding plaque progression and is potentially useful in predicting cardiovascular events and monitoring treatment efficacy. This prospective study aims to quantify temporal changes in carotid atherosclerotic plaque volume and plaque composition using MDCTA.
A therosclerosis is a slowly progressing disease, subclinical for decades before suddenly causing clinical manifestations such as coronary artery disease, ischemic cerebrovascular disease, and peripheral artery disease. Increased atherosclerotic burden first causes outward remodeling of the artery, with compensatory expansion of the outer vessel wall boundary without narrowing of the lumen. 1 In later stages of plaque progression, the compensatory mechanism of outward remodeling no longer suffices, and the vessel lumen becomes compromised, eventually causing stenosis or occlusion. Besides the hemodynamic effects on blood flow and blood pressure, atherosclerotic disease is thought to induce ischemic events by plaque rupture, causing thrombosis and obstruction, or thromboembolization, into distal arteries. Increased lipid content, large lipid-rich necrotic cores, intraplaque hemorrhage, inflammation, and thin fibrous caps are the hallmarks of plaques vulnerable to rupture. 2, 3 Knowledge of atherosclerotic plaque development has predominantly been derived from animal and histopathologic studies. 4 Still, little is known about progression of atherosclerosis in humans. Serial in vivo imaging of both vessel lumen and plaque is important for understanding the development of atherosclerotic plaque and its progression from subclinical lesions into rupture-prone plaques. Accurate monitoring of changes in atherosclerotic plaque burden and composition can potentially be used in risk prediction and in assessing efficacy of pharmaceutical treatment.
MDCTA has been validated for imaging atherosclerotic plaque in the carotid arteries in vivo. 5, 6 Plaque volume and several plaque components, such as calcifications, lipids, and fibrous tissues, can be accurately quantified. 5, 7 MDCTA therefore provides a minimally invasive tool to investigate carotid plaque progression in humans.
In this prospective study, serial CT angiography of the carotid arteries was performed in patients with TIA or ischemic stroke, and changes in plaque burden and plaque composition were quantified using a semiautomated custom-made plaque segmentation tool.
Materials and Methods

Study Population
Patients were recruited from a cohort of 914 consecutive patients with TIA or ischemic stroke who had undergone a standard clinical workup, including multidetector CT angiography of the carotid arteries. 8 All patients with atherosclerotic plaque (ie, thickening and/or calcification of the vessel wall) in 1 or both carotid arteries were invited to participate in this serial imaging study. Exclusion criteria included no atherosclerotic plaque(s) present at the level of the carotid bifurcation, bilateral occlusion and/or treatment of the carotid arteries, no informed consent, renal insufficiency or hyperthyroidism, and bad image quality of the baseline scan. Blood samples to determine renal function were taken, if necessary. The study was approved by the Local Institutional Ethics Review Board. All patients gave written informed consent.
The serial MDCTA datasets of the first 113 patients included in this study were used for analysis. The MDCTA data from 4 patients were excluded because of motion artifacts or low lumen contrast attenuation. In addition, 6 arteries were excluded from the analysis because of occlusion on baseline and/or follow-up scan; 14 because of local treatment with carotid endarterectomy or stent placement; and 5 because of (focal) poor image quality (perivenous artifacts or streak artifacts due to dental material) impeding correct plaque segmentation. In total, 193 carotid arteries from 109 patients were included in this study.
Clinical Data
As a part of routine clinical work-up, all patients underwent a detailed health questionnaire, a physical examination, laboratory measurements, a CT scan of the brain, and multidetector CT angiography of the carotid arteries. Information was collected on age, sex, medication use, hypertension, hypercholesterolemia, diabetes mellitus, smoking, and history of cerebrovascular or cardiovascular disease, as previously described. 8 During the visit for the follow-up MDCTA scan, a detailed health questionnaire was taken.
Multidetector CT Angiography Protocol
BL scans were performed on a 16-or 64-section multidetector CT scanner (Sensation 16/64; Siemens Medical Solutions, Erlangen, Germany), with a standardized optimized contrast-enhanced protocol (collimation 16 ϫ 0.75 mm [n ϭ 106] or 2 ϫ 32 ϫ 0.6 mm [n ϭ 3], pitch 1) and a scan range ranging from the ascending aorta to the intracranial arteries. The follow-up scans were performed on a 128-section multidetector CT scanner (Somatom Definition; Siemens Medical Solutions), with a comparable protocol (collimation 2 ϫ 64 ϫ 0.6 mm, pitch 0.7) and a scan range of 6 cm around the carotid bifurcation. Eighty mL of contrast material was used, with a saline bolus chaser of 40 mL and real-time bolus tracking in the ascending aorta, using a threshold of 120 HU. Image reconstructions for all scans were made with a FOV of 120 mm, matrix size 512 ϫ 512, section thickness of 1.0 mm, increment of 0.6 mm, and with both a smooth (B30/B31) and an intermediate (B46) filter kernel, of which the last one has been demonstrated to give the best soft tissue contrast. 9 We performed a point-spread-function analysis using a standard thin wire phantom 10 to test for differences in in-plane resolution between similar kernels on different scanners, but we did not find any differences.
Registration of Baseline and Follow-Up Scan
To accurately compare the baseline plaque measurements with those at follow-up within each patient, the carotid bifurcation on both scans were registered using a custom-made semiautomated registration tool (Fig 1) . First lumen segmentation was generated by a level-setbased method, initialized with 3 seed points in the CCA, ICA, and ECA. 11 From this lumen segmentation, a CLL was extracted. Then 3 new observer-defined initialization points in, respectively, the CCA, the ICA, and the ECA on the follow-up MDCTA marked the range to be segmented for plaque analysis. Using the bifurcation point (the level at which the CCA lumen separates into the 2 separate lumens of ICA and ECA) as a landmark, the absolute distances along the CLL from this point to the initialization points were calculated and copied to the CLLs of the baseline MDCTA to define the corresponding vessel part of interest on the baseline scan (on axial sections). In this way, adjustments were made for possible differences between the baseline and the follow-up scan in the curvature of the carotid arteries due to elongation or head position. Scan data reconstructed with a B46 kernel were used.
Plaque Analysis
Volume measurements of lumen, vessel wall, and vessel wall components (further defined as plaque and plaque components, respectively) were derived using a custom-made semiautomated plaque analysis method. The lumen segmentation used in registering the vessel range of interest between baseline and follow-up scan was also used here. The outer vessel wall was segmented based on a method using a gentle boost classifier, which had been trained by manually annotated data. 12, 13 The lumen segmentations and outer vessel wall segmentations were checked and adjusted manually, where appropriate. The plaque was derived by subtracting the lumen segmentation from the outer vessel wall segmentation. After segmenting the carotid artery outer vessel wall and lumen, plaque components were differentiated based on HU thresholds. The cut-off value between calcifications and fibrous tissue was set at 130 HU, as used for calcium scoring. The threshold used to differentiate lipid from fibrous tissue was 60 HU, a setting that was previously validated with histology. 5 The volumes of the plaque and plaque components were calculated as the product of the number of pixels in the segmented areas, the pixel size, and the section increment. The proportion of plaque components was calculated as the ratio of the volume of the component to the total plaque volume, multiplied by 100. Figure 2 shows an example of axial sections through a carotid bifurcation at baseline and follow-up and their corresponding plaque segmentations. Stenosis measurements were performed according to the NASCET criteria. Using 3D software, multiplanar reformats were made and the smallest diameter was measured on axial images perpendicular to the vessel axis.
Reproducibility of Semiautomated Plaque Measurements
Although the procedure was automated for a large part, there were some observer interventions: clicking initialization points for lumen segmentation, clicking initialization points for defining the range for plaque segmentation, and manually adjusting the lumen and outer vessel wall segmentations, if necessary. To assess the intraobserver and interobserver variability of the complete van Gils ͉ AJNR 33 ͉ August 2012 ͉ www.ajnr.org method, a subset of 30 carotid arteries was analyzed 2 times by the same observer, with a delay of 3 months, and once by a second observer. This subset was randomly taken from the group of patients without a treated artery, an occluded carotid artery, or poor . Lumen segmentation is semiautomatically generated after clicking 3 initialization points in the CCA, the ICA, and the ECA, respectively (red dots), separately in both FU and BL datasets. From this lumen segmentation, CLLs are extracted (orange line). On the FU CTA, the vessel range containing atherosclerotic plaque is defined by clicking another set of initialization points (blue dots). The absolute distances along the CLL between the 3 blue points are measured and copied to the CLL of the BL CTA (yellow line), which define the range on axial images to be analyzed by the automated plaque segmentation tool (green dots).
image quality. The intraobserver and interobserver variability are presented as ICC and CoV.
Data Analysis
Plaque volume and plaque component volumes and proportions were measured on both sides in each individual at baseline and follow-up within the registered range of interest. Within each carotid artery, the changes over time of the different plaque measures were derived.
The data are presented as mean Ϯ SD. Total vessel, lumen, plaque, and plaque components are presented as absolute volumes (in mm 3 ) on baseline and follow-up. Plaque components are also expressed as proportions. A paired t test was used for the analysis of absolute progression from baseline to follow-up. Temporal changes are expressed as absolute annual change in volume or proportion ([change in volume or proportion/FU time in months]*12), and as a percentage ("relative") annual volume change from baseline (absolute annual change in volume/BL volume). A onesample t test was used for comparison of "annual change" to 0.
Correlations between percentage annual growth of plaque volume and BL plaque characteristics were described by Pearson correlation coefficient. Correlations between absolute change in plaque component proportion and baseline characteristics were described by Pearson correlation, or by Spearman correlation coefficient, when appropriate. To avoid an induced (spurious) correlation between absolute or percentage annual change in a plaque feature and its baseline value, the mean of the measure at baseline and follow-up was used.
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Results
Baseline Characteristics
The clinical information on the 109 included patients is summarized in Table 1 . The median time delay between the event and the baseline scan was 11 (IQR 5-21) days and the mean interval between the scans was 5.3 Ϯ 0.7 years. In just a few cases, the degree of stenosis of the artery changed into a higher degree over time (Table 2 ). Baseline plaque volume was 1100 Ϯ 464 mm 3 . The contributions of the different components at baseline were 66.4 Ϯ 7.8%, 28.8 Ϯ 5.4%, and 4.8 Ϯ 6.9% for fibrous tissue, lipid, and calcification, respectively (Table 3) . Calcifications were present in 132 carotid arteries (68.4%).
Atherosclerotic Plaque Growth
Of 193 arteries, 60 (31%) showed decrease in plaque volume (mean difference between BL and FU Ϫ119 mm 3 , 95% CI, Ϫ151 -Ϫ86 mm 3 ), while in 133 (69%), plaque volume increased (mean difference 127 mm 3 , 95% CI, 109 -146 mm 3 ). The mean volumes and plaque component proportions at baseline and follow-up for the entire group are summarized in Table 3 . There was a significant overall growth in plaque volume of 51 mm 3 (95% CI, 28 -74 mm 3 ). Lumen and total vessel volume also increased significantly over time. Whereas the absolute values of fibrous tissue and lipid did not change significantly, their relative contribution to the plaque volume decreased (Ϫ1.5% and Ϫ1.8%, respectively, P Ͻ .001). The proportion of calcification within the plaque increased by 3.3% (P Ͻ .001).
Annualized Changes in Plaque Measures
Overall, the percentage annual growth of total vessel volume, lumen volume, and plaque volume were 0.63% per year (95% CI, 0.44 -0.83), 0.55% per year (95% CI, 0.25-0.85), and 1.16% per year (95% CI, 0.76 -1.55), respectively. Absolute annual changes in the proportions of the components were a decrease of 0.26% per year for fibrous tissue (95% CI, Ϫ0.41% -Ϫ0.10%), a decrease of 0.37% per year for lipid (95% CI, Ϫ0.51% -Ϫ0.24%), and an increase of 0.64% per year for calcifications (95% CI, 0.54 -0.74; all Ps Յ .001).
Relation Between Plaque Changes and BL Plaque Characteristics
Regression analysis showed no significant correlation between percentage annual plaque growth and plaque volume (P ϭ .196). No correlations were found between percentage annual plaque growth and plaque component proportions at baseline.
The change in calcium proportion was significantly correlated with baseline plaque volume (r s ϭ 0.45, P Ͻ .001) and calcium proportion (r s ϭ 0.68, P Ͻ .001). Annual increase in calcium proportion was larger in arteries with baseline plaque volume larger than 975 mm 3 (ie, larger than the median of baseline plaque volume, n ϭ 96) compared with arteries with a baseline plaque volume smaller than 975 mm 3 (n ϭ 97; 0.88% versus 0.39% per year; P Ͻ .001). Annual increase in calcium proportion was larger in plaques with a high baseline calcium proportion (Ͼ3.9%, median of average calcium proportion on baseline and follow-up, n ϭ 96) compared with those with a low baseline calcium proportion (Ͻ3.9%, n ϭ 97; 1.00% versus 0.26% per year; P Ͻ .001).
Reproducibility of the Method
The ICC for all volume and proportion measures varied between 0.92 and 1.00 for intraobserver reproducibility, except for lipid proportion and lipid volume, which were 0.78 and 0.86, respectively. The ICC for interobserver reproducibility varied between 0.76 and 0.99. The CoVs were good for intraobserver variability, varying between 4.6% and 11.4%, except for lipid volume, which was 19.0%. For interobserver variability, the CoVs were moderate and varied between 4.5% and 22.0% (Table 4) .
Discussion
To our knowledge, this is the first in vivo serial CTA study to investigate atherosclerotic carotid plaque progression in humans. This study demonstrates that multidetector CT angiography can be used to quantify atherosclerotic plaque measures in vivo and track changes over time in large study populations. In 193 carotid arteries, the mean percentage annual growth in plaque volume was 1.2% per year, with a wide range from Ϫ5.6% to 10.1% per year. MR imaging has been proven as a reproducible method for plaque quantification, [15] [16] [17] [18] and several serial MR imaging studies have been performed for tracking changes in carotid atherosclerosis. In a prospective MR imaging study, Saam et al described a yearly increase of 2.2% in wall area in Ͼ50% stenosed carotid arteries. 19 Boussel et al found an annual rate of progression of carotid vessel wall volume of 2.3% per year in arteries with Ͼ50% stenosis. 20 In these studies, however, the included arteries had more severe stenosis compared with the arteries included in our study. In another study, a carotid total wall volume increase of 1.2% and 1.8% was found after 16 and 24 months, respectively, in patients who were on statin treatment. 15 These results were comparable with ours. MR imaging studies often use different measures (area or eccentric wall volume) for assessing plaque growth, which leads to another difficulty in comparing our results to those from previous serial in vivo studies. Nevertheless, the growth rate of carotid plaque turns out to be remarkably small and highly variable, a comparable finding across studies. Statin treatment has been shown to induce reduced progression or even regression of plaque burden. [19] [20] [21] [22] [23] [24] [25] Approximately 90% of patients in our study were using statins during the follow-up period. Thirty-one percent of our patients showed plaque regression, a number similar to that found in other plaque progression studies in which most patients were on statin therapy. 19, 20 Statin treatment might therefore be a reason for the small mean growth in plaque volume.
We did not find any local baseline plaque characteristics significantly associated with plaque volume growth. In contrast, Saam et al found that a normalized wall index Ͼ0.64, as a measure of large plaque burden, was associated with a reduced rate of progression in mean wall area. 19 In this study, we found a change in plaque composition over time: calcification proportion increased, which coincides with a decrease in fibrous and lipid proportion. Larger plaques had a faster increase in calcium proportion compared with smaller plaques, and the more calcified plaques showed a significantly larger annual increase in calcium proportion than the less calcified plaques. Calcified carotid plaques are thought to be more stable compared with noncalcified plaques. [26] [27] [28] The results of this longitudinal study therefore suggest that when plaques progress, they finally get a more stable profile. This might also be an effect of the secondary preventive medication that is used by most patients. A few studies reported on the change in composition toward a more stable plaque phenotype in statin-treated patients, by demonstrating a decrease in lipid content 29, 30 and a trend toward more calcium. 30 However, these results should be confirmed in larger randomized trials investigating the influence of statin use on plaque composition.
Glagov et al were the first to report on outward vascular remodeling, showing an increase in total vessel area as an adaptive mechanism to preserve lumen area in response to increasing atherosclerotic disease burden. Luminal narrowing did not occur until the atherosclerotic lesion occupied Ͼ40% of the internal elastic lamina area. 1 In our study, including only arteries with mild atherosclerotic disease, we also found an overall increase in total vessel volume following an increase in plaque volume. The changes in plaque burden over time appeared to be too small for lumen to become compromised. This might also explain why a change in degree of stenosis was demonstrated in only a minority of vessels.
One of the major challenges in serial imaging studies on atherosclerotic plaques is the reproducibility of quantitative measures. In our study, we used volume measurements, which have been shown to be more precise than area measurements. 17 Several studies have investigated factors influencing measurement errors. Differences in head positioning is one such factor that can cause the 3D position of the carotid bifurcation to change significantly, 31 thereby causing difficulties in matching corresponding axial cross-sectional images across different time points. So far, registration of carotid arteries has been performed manually using landmarks such as the carotid bifurcation point. In this study, we matched the range of interest in the carotid artery semiautomatically using the distance along the central vessel lumen line, accounting for possible variation in carotid position over time. Further improvement would be achieved if analyses could be performed in sections perpendicular to the central line of the artery.
Semiautomated measurement of plaque volumes might improve reproducibility. When we compare our results, using a semiautomated plaque segmentation method, with the interobserver reproducibility found in a previous study in which plaque segmentation was done manually, interobserver reproducibility improved; CoV for plaque volume was 15% compared with 23%-34% found with the manual segmentation method. De Weert et al demonstrated that their moderate interobserver reproducibility was partly due to the difficulty of defining the exact plaque range; consensus about the segmentation range improved the reproducibility. 7 Therefore, taking a fixed range around the bifurcation to be segmented may further improve interobserver and intraobserver reproducibility of the semiautomated method. Nevertheless, the annual changes in plaque measures are relatively small compared with the current intraobserver variability and, though significant for the whole group, these would not be meaningful for the individual patient.
Our study has some limitations. First, in contrast to MR imaging, MDCTA is not capable of visualizing fibrous cap rupture or intraplaque hemorrhage. Both plaque features are highly associated with plaque rupture and ischemic events. [32] [33] [34] [35] [36] Intraplaque hemorrhage has also been associated with an accelerated plaque growth. 35 We have not been able to analyze the influence of this important plaque characteristic on plaque development. On the other hand, HU-based differentiation of plaque components enable serial and automated plaque composition measurements in MDCTA data. Calcifications and changes herein can be accurately measured using MDCTA. Compared with MR imaging datasets, in which multiple sequences are necessary to obtain all plaque information, MDCTA data are more robust and allow minimal observer intervention in the steps toward registration and lumen and vessel wall segmentation. High availability and a quick procedure are advantages of MDCTA that make it a promising tool for serial plaque imaging. With the present CT scanners and precautionary measures, the risks of the potentially harmful radiation exposure and intravenous contrast material can be reduced to a minimum.
Second, we reported on plaque volume, whereas, with MDCTA, we are not able to distinguish atherosclerotic plaque itself from the underlying media. In serial studies, this is of minor importance, because the outcome measure of interest-the difference over time-will merely consist of changes in the plaque itself as the range of interest is registered across BL and FU scans.
No evidence exists for a linear pattern of atherosclerotic plaque growth, and the annual change rate is therefore an artificial measure. However, this study corrects for differences in follow-up time and creates a measure that can be compared across groups and studies.
Further, this study was performed in patients with TIA and stroke who were all on secondary preventive medication. Given the known effects of statins on plaque progression, our results cannot be extrapolated to the asymptomatic population.
Conclusions
The present study shows that MDCTA enables quantification of carotid plaque progression and plaque composition changes in vivo in large patient groups. Carotid atherosclerotic plaque progression seems to be a slow and heterogeneous process. It is unknown yet whether monitoring plaque progression might have future clinical value in risk prediction. Further research should therefore focus on the associations between temporal plaque changes found with serial imaging and (recurrent) ischemic cerebrovascular events. 
